Although peroxisome proliferator-activated receptor-γ (PPARγ) is thought to play a protective role in the vasculature, its cell-specific effect, particularly in resistance vessels, is poorly defined. Nitric oxide (NO) plays a major role in vascular biology in the brain. We examined the hypothesis that selective interference with PPARγ in vascular muscle would impair NO-dependent responses and augment vasoconstrictor responses in the cerebral circulation. We studied mice expressing a dominant negative mutation in human PPARγ (P467L) under the control of the smooth muscle myosin heavy chain promoter (S-P467L). In S-P467L mice, dilator responses to exogenously applied or endogenously produced NO were greatly impaired in cerebral arteries in vitro and in small cerebral arterioles in vivo. Select NOindependent responses, including vasodilation to low concentrations of potassium, were also impaired in S-P467L mice. In contrast, increased expression of wild-type PPARγ in smooth muscle had little effect on vasomotor responses. Mechanisms underlying impairment of both NO-dependent and NO-independent vasodilator responses after interference with PPARγ involved Rho kinase with no apparent contribution by oxidative stress-related mechanisms. These findings support the concept that via effects on Rho kinase-dependent signaling, PPARγ in vascular muscle is a major determinant of vascular tone in resistance vessels and, in particular, NO-mediated signaling in cerebral arteries and brain microvessels. Considering the importance of NO and Rho kinase, these findings have implications for regulation of cerebral blood flow and the pathogenesis of large and small vessel disease in brain. (Hypertension. 2014;64:1088-1093.) • Online Data Supplement The online-only Data Supplement is available with this article at http://hyper.ahajournals.org/lookup/suppl/
T he nuclear receptor peroxisome proliferator-activated receptor-γ (PPARγ) is widely expressed, including in vascular cells. Through several mechanisms, PPARγ is thought to exert protective effects on the vasculature in models of disease and in patients with diabetes mellitus and atherosclerosis. [1] [2] [3] [4] Concepts on the biological effect of PPARγ are based predominately on studies using high-affinity agonists [thiazolidinediones (TZDs)] for the ligand-binding domain of the molecule. Although this approach has value experimentally, TZDs also exhibit off-target effects, lack cell specificity, and do not provide insight into the effect of PPARγ when activated by endogenous ligands. 1, 5 Genetic approaches offer an alternative to the use of TZDs to define the importance of PPARγ. Mutations in PPARγ have been described, some of which alter the transcriptional activity of wild-type PPARγ. 6 Patients with dominant negative mutations in the molecule (eg, P467L) exhibit early-onset hypertension, 7, 8 consistent with possible vascular effects. The use of transgenic mice expressing these same dominant negative molecules 9,10 provides a novel approach to interfere with wild-type PPARγ, allowing insight into the importance of PPARγ without TZD treatment. Importantly, these models mimic reductions in expression or activity of PPARγ described in disease and in the presence of select genetic variants. 6, 7, 11 Although PPARγ regulates transcription of target genes, resulting effects are often cell-specific. We initially found that cell-specific interference with PPARγ in smooth muscle impaired responses to endothelium-derived nitric oxide (NO) in the aorta in vitro. 10 Because the importance of PPARγ in smaller resistance vessels was unclear, we next examined the effect of PPARγ in smooth muscle in small mesenteric arteries. We found that PPARγ normally inhibits myogenic tone in these arteries via effects on regulator of G protein signaling 5 and Ca 2+ -activated potassium channels. 12 NO plays a fundamental role in cerebrovascular biology, influencing vascular structure and local blood flow and protecting against thrombosis. [13] [14] [15] Loss of NO-mediated signaling is thought to contribute to the pathogenesis of both large and small vessel disease, with resulting hypoperfusion, cognitive impairment, and stroke. 13, 16 Because the effect of NO is prominent in the cerebral circulation, 13, 15 we focused the present study on cerebral blood vessels. We hypothesized that interference with PPARγ in smooth muscle would impair NO-dependent responses and augment select vasoconstrictor responses. Our primary finding was that genetic interference with PPARγ in vascular muscle affects NO-dependent and select NO-independent responses in resistance vessels in brain via effects on Rho kinase-dependent signaling.
Materials and Methods
Details about the experimental procedures are presented in the online Data Supplement. In brief, we studied transgenic mice expressing either a dominant negative mutation in human PPARγ (P467L) or human wild-type PPARγ under the control of the smooth muscle myosin heavy chain promoter (S-P467L or S-WT, respectively). We quantified (1) changes in diameter of cannulated, pressurized cerebral (basilar) and small mesenteric arteries in vitro; (2) changes in isometric tension in rings of carotid arteries; and (3) changes in diameter of arterioles in the pial microcirculation in vivo using anesthetized mice.
Results

Interference With PPARγ in Vascular Muscle Impairs Vasodilator Responses to NO
We first verified that the transgene of interest was expressed in cerebral arteries of S-P467L mice using quantitative real-time polymerase chain reaction. Similar to results in mesenteric arteries, 12 we detected human PPARγ mRNA in cerebral arteries in transgenic mice (C t values ranging from 21 to 25) but not nontransgenic (non-Tg) littermates (C t was undetectable; data not shown).
Baseline diameter of the basilar artery was similar in non-Tg and S-P467L mice, respectively ( Figure 1A ). Dilation of the basilar artery to the NO donor nitroprusside was greatly reduced in S-P467L mice ( Figure 1B ). For example, increases in vessel diameter in response to 100 µmol/L nitroprusside in control and S-P467L mice were 78±5% and 32±5% (P<0.01 versus non-Tg), respectively.
To test whether vascular phenotypes in S-P467L mice were due to dominant negative effects of the P467L mutation as opposed to overexpression of PPARγ, we examined responses in transgenic mice expressing wild-type human PPARγ specifically targeted to smooth muscle (S-WT). 10 Baseline diameter of the basilar artery was similar in S-WT compared with non-Tg ( Figure 1A) . In contrast to the reduced effects of nitroprusside in S-P467L mice, effects of nitroprusside were similar in S-WT and controls ( Figure 1B ). We next determined whether responses to endogenously produced NO are also affected in S-P467L mice using endothelium-dependent agonists. Dilation of the basilar artery to acetylcholine is prevented by inhibition of NO synthase. 17 In the current experiments, vasodilation to angiotensin 1-7 (Ang 1-7) was greatly reduced by a mas receptor antagonist (A779; 1 µmol/L) and was completely inhibited by N Gnitro-l-arginine (100 µmol/L; Figure S1 in the online-only Data Supplement), demonstrating that this response was also mediated by NO. Dilation of the basilar artery to both acetylcholine and Ang 1-7 was reduced substantially in S-P467L mice ( Figure 1C and 1D). In both strains of mice, responses to acetylcholine were similar in male and female mice ( Figure  S2 ). Responses to Ang 1-7 in arteries from S-WT were not impaired and were increased moderately at the highest concentration tested ( Figure 1D ).
Interference With PPARγ in Smooth Muscle Impairs Cerebral Microvascular Responses to NO
Considering the importance of microvascular NO and small vessel disease in brain, we examined the effect of PPARγ in the microcirculation in vivo. Baseline diameters of small cerebral (pial) arterioles in non-Tg and S-P467L mice were similar (34±1 and 35±2 µm, respectively; P>0.05). Vasodilation to acetylcholine (which is mediated by NO in brain microvessels) 18 and responses to nitroprusside were reduced by ≈50% to 65% in S-P467L mice compared with non-Tg controls (Figure 2A and 2B).
Regional Differences in the Effect of PPARγ in Vascular Muscle
Our initial study found that vasodilation to NO is impaired in aorta from S-P467L mice. 10 To determine whether impaired responses to NO in S-P467L mice in the present study were unique to the cerebral circulation, we studied carotid arteries and small mesenteric arteries. In contrast to the marked reduction in responses in cerebral arteries in S-P467L mice, vasodilation to nitroprusside was impaired modestly in carotid arteries and was not impaired in small mesenteric arteries ( Figure S3 ).
Interference With PPARγ in Vascular Muscle Impairs Select NO-Independent Responses in the Cerebral Circulation
To determine whether other vasodilator mechanisms were affected in cerebral arteries in S-P467L mice, we examined responses to stimuli that act independent of NO. Depending on the concentration, changes in extracellular potassium (K + ) can produce vasodilation or vasoconstriction. By activating inward rectifier K + channels (K IR ) in vascular muscle, modest elevations in extracellular K + is a potent vasodilator stimulus. 19, 20 In control mice, low concentrations of K + produced vasodilation, a response that was significantly reduced by barium (30 µmol/L), an inhibitor of K IR ( Figure 3A ). Dilation of the basilar artery to K + was greatly impaired in S-P467L mice ( Figure 3B ), but was not altered in S-WT compared with non-Tg controls ( Figure 3B ). To determine whether the vasodilator effect of other K + channels were affected, we tested responses to cromakalim, which activates ATP-sensitive K + channels, and arachidonic acid, which activates calcium-dependent K + channels in cerebral vessels. 14 Dilation of the basilar artery to both agonists was impaired in S-P467L mice ( Figure 3C and 3D). In contrast to NO and these select vasodilators, cerebral arteries dilated normally to the calcium channel blocker nifedipine and the endothelium-independent agonist papaverine ( Figure 3E and 3F). Constriction of the basilar artery to Bay K 8644, an L-type calcium channel activator, was similar in both groups of mice (data not shown).
Vascular Dysfunction in S-P467L Mice Is Mediated by Rho Kinase
We next examined mechanisms that account for impaired responses in S-P467L mice. The primary molecular target of NO is soluble guanylate cyclase, which synthesizes cGMP after activation. Most vascular effects of NO require activation of soluble guanylate cyclase. 13, 18 Consistent with this concept, dilation of the basilar artery to nitroprusside in both non-Tg and S-P467L mice were completely prevented by ODQ (1H- [1, 2, 4] oxadiazolo[4,3-a]quinoxalin-l-one) (10 µmol/L; Figure  S4 ), an inhibitor of soluble guanylate cyclase. Oxidative stress contributes to vascular disease through several mechanisms, including impairment of NO-mediated effects. 13, 16 We examined the possible role of oxidative stress using 2 approaches. Tempol (1 mmol/L), a superoxide dismutase mimetic, did not improve vasodilator responses to Ang 1-7 in S-P467L mice ( Figure S5) . A consequence of oxidative stress is activation of poly-ADP-ribose polymerase, a nuclear protein that plays a role in vascular dysfunction in some disease states. A selective inhibitor of poly-ADP-ribose polymerase (PJ34; 3 µmol/L) did not alter responses to Ang 1-7 ( Figure S5 ). We next considered other potential targets of PPARγ that could impair regulation of vascular tone. Rho kinase, a target of the GTPase Rho, 21, 22 is a major determinant of vascular tone and may be inhibited by TZD treatment. 1, 10, 23 We previously obtained evidence that Rho kinase was the mediator of increased contractile responses in aorta to endothelin-1 (ET-1) in S-P467L mice. 10 Treatment of cerebral arteries with an inhibitor of Rho kinase (Y-27632; 3 µmol/L) restored responses to nitroprusside, K + , and Ang 1-7 in S-P467L mice (Figures 3B, 4A , and 4B). In time control experiments, treatment with Y-27632 alone did not alter U46619-induced tone (n=4; data not shown). In addition, Y-27632 did not alter vasodilator responses to Ang 1-7 when tested in non-Tg mice ( Figure 4C ). These findings suggest that impaired vasodilator responses in S-P467L mice are mediated by Rho kinase. Expression of Rho kinase isoforms (ROCK1 and ROCK2) in cerebral arteries was similar in non-Tg and S-P467L mice, although mRNA levels of ROCK2 tended to be increased ( Figure S6 ).
Interference With PPARγ in Vascular Muscle Augments Cerebral Vasoconstrictor Responses
To determine whether vasoconstrictor responses were affected in S-P467L mice, we examined effects of serotonin A B and ET-1, agonists implicated in vascular disease and stroke. Constriction of the basilar artery to both ET-1 and serotonin was increased in S-P467L mice ( Figure 5A and 5B ). In contrast, vasoconstriction to KCl (50 mmol/L) was not altered in S-P467L or S-WT mice compared with littermate controls ( Figure 5C ). Enhanced vasoconstriction to both ET-1 and serotonin in S-P467L mice was prevented by Y-27632 ( Figure 5A and 5B ).
Discussion
There are several major new findings in this study. First, genetic interference with PPARγ in smooth muscle impaired responses to both exogenously applied and endogenously produced NO in cerebral arteries in vitro and small cerebral microvessels in vivo. These changes in resistance vessels in brain were selective because responses of small mesenteric arteries to NO were not affected. Second, the effect of PPARγ in vascular muscle extended to select NO-independent mechanisms of vasodilation and some vasoconstrictor responses. Third, in contrast to the dominant negative form of PPARγ, increased expression of wild-type PPARγ in vascular muscle did not reduce responses to several stimuli, including NO. Fourth, mechanisms underlying impairment of both NO-dependent and NO-independent vasodilator responses after interference with PPARγ involved Rho kinase with no apparent contribution by oxidative stress-related mechanisms. These findings support the concept that PPARγ in vascular muscle is a major determinant of vascular tone, particularly NO-mediated signaling, in cerebral arteries and microvessels. Considering the importance of NO and Rho kinase in resistance vessels, these findings have implications for mechanisms that regulate cerebral blood flow and the pathogenesis of large and small vessel disease (Figure S7 ).
PPARγ and the Vasculature
PPARγ was initially thought to predominantly influence adipocytes function in addition to having effects on glucose and lipid metabolism. 12, 24 More recent findings mostly based on studies using TZD treatment suggest that PPARγ can exert effects in multiple cell types. PPARγ is expressed in vascular cells. 2, 11, 12, 25 Using TZDs as an exogenous ligand, effects of PPARγ activation on vascular structure, vasomotor tone, and vascular permeability have been described. 1, 2, [26] [27] [28] An underlying assumption of most TZD-based studies is that the effects observed are mediated by PPARγ acting within vascular cells. Because systemic administration of TZDs affects all cells, distinguishing vascular-specific effects is difficult. In addition to activating PPARγ, TZDs can also exert off-target or PPARγindependent effects. 3, 5 Patients with select mutations in the ligand-binding domain of PPARγ (eg, P467L) exhibit early-onset hypertension and insulin resistance. 7 Heterozygous knockin mice expressing this mutation in all cells share features of human disease, including abnormal fat distribution. 8 To avoid such systemic effects and to study the effect of cell-specific manipulation in vivo, we used S-P467L mice. 10, 29 Global knockout of PPARγ is lethal, and cell-specific knockout of PPARγ would be extremely rare. 6, 12 A major advantage of using a model with specific alterations in PPARγ in smooth muscle is that it avoids metabolic effects seen with global genetic manipulation of PPARγ or whole body TZD treatment. In S-P467L mice, there is no change in body weight or adipose tissue depots and no effect on plasma glucose, insulin, or leptin. 10, 29 S-P467L mice exhibit a modest elevation in systolic blood pressure (≈12 mm Hg).
PPARγ in Vascular Muscle Exerts Prominent Effects on NO-Mediated Vasodilation in Brain
Baseline diameter of cerebral arteries and responses to high concentrations of KCl or papaverine were not affected by transgenic expression of either human P467L or wild-type PPARγ in smooth muscle. Thus, these genetic alterations did not produce nonselective changes in vasoconstrictor or vasodilator capacity.
Although our previous study demonstrated that genetic interference with PPARγ in smooth muscle inhibited NO-mediated relaxation in aorta, 10, 29 the importance of PPARγ in resistance vessels and the microcirculation in vivo was not defined. In brain, cerebral arteries and arterioles are important resistance vessels. 13 Because of its prominent role in both large and small vessels in brain, we performed the present study with a focus on NO. We found that dilation of basilar arteries to an NO donor was markedly reduced in S-P467L mice. Similarly, responses to agonists that produce NO-mediated vasodilation (acetylcholine and Ang 1-7) were also greatly impaired.
Consistent with the results for the isolated basilar artery, we found that responses of small cerebral arterioles to NO were substantially reduced in S-P467L mice in vivo. Thus, the effect of PPARγ in smooth muscle extends along the vascular tree in brain and is functionally important in vivo. A recent study found that genetic deletion of PPARγ in smooth muscle did not affect responses to NO in small mesenteric arteries. 30 This finding is consistent with our results in S-P467L mice, where responses to an NO donor were not altered in these same arteries. Overall, these findings suggest that in the mesenteric vasculature, PPARγ does not influence NO-mediated signaling in vascular muscle. The finding that the effect of PPARγ in vascular muscle exhibits such regional heterogeneity in relation to NO was unexpected, but highlights the importance of this molecule in the cerebrovasculature. 
Influence of PPARγ on NO-Independent Vasodilation
To determine whether mechanisms other than those involving NO were affected by interference with PPARγ, we examined effects of stimuli that act independently from NO in vascular muscle. Modest elevations in extracellular K + activate inward rectifier K + channels in vascular muscle, producing marked vasodilation. 19, 20 We found that vasodilation to K + was greatly impaired in S-P467L mice. Because K + -induced vasodilation may contribute to neurovascular coupling, 19 these finding implicate PPARγ as a potential determinant of functional hyperemia. To evaluate whether the effect of vascular PPARγ extended to other K + channels, we examined effects of cromkalim and arachidonic acid. Responses to these agonists were substantially reduced in S-P467L mice. In contrast, vasodilation to both papaverine and nifedipine were unaffected. These findings suggest that interference with PPARγ in smooth muscle has effects on both NO-dependent and select NO-independent mechanisms that regulate cerebrovascular tone.
Effects of PPARγ Interference in Vascular Muscle: Role of Rho Kinase
Because interference with PPARγ in smooth muscle affected several vasodilator responses, it seemed likely that underlying mechanisms might involve pathways that more broadly influence vasomotor tone. In this context, we considered the possibility that oxidative stress was involved. However, neither a superoxide dismutase mimetic nor a poly-ADP-ribose polymerase inhibitor affected responses to NO in S-P467L mice.
A second candidate to explain reduced vasodilation in S-P467L mice was Rho kinase. 21, 22 Because of the effects on calcium sensitivity and the phosphorylation state of the regulatory myosin light chain, Rho kinase in vascular muscle is a major determinant of vascular tone. 21, 22 Our initial study in aorta provided evidence that Rho kinase signaling is altered after interference with PPARγ in vascular muscle. 10 Rho kinase plays a key role in the vasculature, but its effect varies regionally and is cell specific. 21, 22 Thus, the effect within resistance vessels was hard to predict. We observed a similar role for Rho kinase in resistance vessels in the current experiments. We found that inhibition of Rho kinase restored responses to NO and low concentrations of K + while preventing hyperresponsiveness to ET-1 and serotonin. In endothelium, NO-mediated signaling can be regulated via effects of Rho kinase on endothelial NO synthase phosphorylation. 31 Because the model used in the present study expressed a dominant negative form of PPARγ specifically in smooth muscle, we assume effects on responses to NO are mediated within vascular muscle. In addition, we found previously that level of total and phospho-Ser 1177 endothelial NO synthase protein was similar in aortic tissue from control and S-P467L mice. 29 Perspectives NO has diverse effects within the cerebral vasculature, mediating responses to neurotransmitters, shear forces, metabolic factors, and therapeutic agents while inhibiting vascular hypertrophy and metabolism of ß-amyloid precursor protein. 13, 15 Thus, loss of NO-mediated signaling is thought to be an important contributor to cerebrovascular disease. The present study suggests that PPARγ in smooth muscle is part of previously unrecognized mechanism that influences NO-mediated signaling and regulation of tone in resistance vessels in brain. Rho kinase contributes to vascular disease, 21, 22 but mechanisms that regulate this pathway and interactions with NO are poorly defined, particularly at the cell-specific level. In addition to effects on vascular tone, Rho kinase has been implicated in atherosclerosis, small vessel disease, development of cerebral cavernous malformations and aneurysms, as well as vasospasm after subarachnoid hemorrhage. 21, 32 Activity of Rho kinase is positively associated with cardiovascular events, including stroke. 33 Thus, the finding that PPARγ in vascular muscle is an important regulator of NOand Rho kinase-dependent effects has diverse implications. Therapeutic approaches or other strategies to target PPARγ or its downstream effectors in vascular muscle may be beneficial in preventing or slowing the progression of large and small vessel disease in brain.
